Use of nanotechnology products is increasing; with silver (Ag) nanoparticles particularly widely used. A key uncertainty surrounding the risk assessment of AgNPs is whether their effects are driven through the same mechanism of action that underlies the toxic effects of Ag ions. We present the first full transcriptome study of the effects of Ag ions and NPs in an ecotoxicological model soil invertebrate, the earthworm Eisenia fetida. Gene expression analyses indicated similar mechanisms for both silver forms with toxicity being exerted through pathways related to ribosome function, sugar and protein metabolism, molecular stress, disruption of energy production and histones. The main difference seen between Ag ions and NPs was associated with potential toxicokinetic effects related to cellular internalisation and communication, with pathways related to endocytosis and cilia being significantly enriched. These results point to a common final toxicodynamic response, but initial internalisation driven by different exposure routes and toxicokinetic mechanisms.
Introduction
Silver (Ag) is amongst the most toxic of all metals, with a relatively high reported potency towards both invertebrates (e.g., Bianchini et al., 2005) and vertebrates (e.g., Hogstrand and Wood, 1998) . Prior to the advent of modern antibiotics the widespectrum antimicrobial efficacy of Ag þ ions was harnessed to produce effective biocides for medical applications (Davenport and Keeley, 2005; Lansdown, 2006; Kollef et al., 2008) . These applications rely on the production and release of Ag þ ions from the otherwise inert surface that is in contact with the target biofilm; this produces a localised elevation in the concentration of Ag þ ions resulting in an effective anti-microbial activity. The increase in surface area afforded by Ag nanoparticles (AgNPs) creates a more efficient dissolution of Ag þ ions that has potential use for personal care, household, clothing and medical applications (e.g., Wilkinson et al., 2011) . This increasing range of uses is expected to result in increased releases to the environment including soil. Physical factors underpinning AgNPs dissolution, and production of Ag þ ions, are central to determining the relative toxicity of the particle to receptor organisms. Such processes include, but are not limited to changes in surface speciation (e.g. sulfidation), coating form and aggregation dynamics (Lowry et al., 2012) . The extent to which these processes ultimately determine exposure and toxicity is also dependent on the receptor organism physiology (Tourinho et al., 2012) . Traits such as intestinal conditions (including the microbiome), cell surface chemistries, activity of the endocytic pathways and route of metal handling will all influence the levels of AgNP and Ag ion exposure and internalisation as well as the resulting mechanisms and extent of toxicity.
To date the mechanistic effects of AgNP have been studied mostly in classic laboratory model organisms including Caenorhabditis elegans, Daphnia or Danio rerio (e.g. (Roh et al., 2009; Poynton et al., 2011 Poynton et al., , 2012 van Aerle et al., 2013) ). Moreover the majority of the investigations has been directed towards aquatic environments (e.g. (Poynton et al., 2011; van Aerle et al., 2013; Farkas et al., 2011) ) leaving studies for terrestrial sentinel species largely neglected. Earthworms are used as a model species for terrestrial ecotoxicology studies, selected because of their key role as ecosystem engineers. Several studies on the effect of NPs on cytotoxicity (Kwak et al., 2014) , reproduction (Schlich et al., 2013) , behaviour (Shoults-Wilson et al., 2011) and molecular stress (Tsyusko et al., 2012a; Hayashi et al., 2013) in earthworms are available. However, these studies have not evaluated the holistic impact of AgNPs exposure, but instead focused on specific biological endpoints or pathways. Transcriptomic studies in earthworms have the potential to elucidate such holistic effects (e.g., Owen et al., 2008; Gong et al., 2010; Bundy et al., 2008) . However, emerging evidence of deep cryptic genetic speciation within earthworms (e.g. King et al., 2008; Novo et al., 2009 Novo et al., , 2010 Buckley et al., 2011; James et al., 2010; Cunha et al., 2014 ) highlights potential problems with previous approaches due to the risk of conflating the toxicological responses of divergent lineages (Dallinger and Hockner, 2013; Otomo et al., 2013) . For these reasons care in the selection of tested organisms for transcriptional analysis, coupled with the use of newer sequencing based methods are needed to meet the challenges of unambiguously identifying the overall comparative effects of AgNPs and ions. Here we report the results of a toxicogenomic study for AgNPs and Ag þ ions in the earthworm Eisenia fetida. Our aims were first to generate a comprehensive transcriptome for this ecotoxicological model soil invertebrate, and second, to investigate the mechanistic effects of AgNPs and Ag þ ions on this transcriptome after exposure, identifying common and different pathways affected by the different silver forms within a wide systems biology context for earthworms. Selection of individuals from a single lineage, coupled with the use of an RNA-seq analysis is used to compare the pathway responses to AgNPs and Ag þ ions at a similar effect level (EC 50 for reproduction) to elucidate whether there is evidence for any AgNP specific uptake or response pathways.
Materials and methods

Material supply and characterisation
The 50 nm AgNPs were obtained from Institut Catal a de Nanotecnología (ICN) (Barcelona, Spain). The materials were supplied as spherical nanoparticles with a documented diameter of 50 nm. AgNPs with a purity of 40.6% Ag was coated with polyvinylpyrrolidone with average mol wt 10,000 (PVP-10 K). The particles were lyophilised from a solution containing sodium citrate and tannic acid included as stabilizers and protective molecules and supplied in powder form including these molecules.
To reconfirm the stated primary particle morphology, size and assess potential aggregation status prior to use, dispersions of the AgNPs were prepared in distilled water at 1 mg/ml and sonicated at room temperature for 1 min. The hydrodynamic diameter and zeta potential of the AgNPs in this stock suspension was measured with Malvern ZetaSizer Nano ZS. Samples were also visualised using transmission electron microscopy (TEM) on a JEOL 1010 analytical. For these assessments, samples taken from the stock suspension were dispersed in water and a drop of the dispersion deposited on a holey carbon coated Cu-TEM grid and dried at room temperature for several hours. AgNO 3 salt used for the ionic exposures was purchased from BHD Chemicals (Poole, UK) as a white crystalline powder.
Earthworm toxicity test
The AgNP and AgNO 3 earthworm exposures were conducted in a loamy sand soil (LUFA-Speyer 2.2, LUFA, Germany). See details for soils in Supporting Information (SI) S1. To establish earthworm sensitivity and to prepare worms for the RNA-seq analysis, earthworms were exposed in soils spiked with coated AgNPs and AgNO 3 at seven concentrations (0, 18, 45, 112, 281, 703 and 1758 mg Ag kg À1 dry weight). Concentrations were measured following Diez-Ortiz et al. (2015) . Direct dry dosing of both Ag forms into the soil followed by thorough mixing of the dry soils was selected as the best approach for dosing. This has been shown to produce a homogenous NP distribution in the soil and similar exposure to aqueous dosing, while being less technically challenging to achieve a reliable addition (see (Waalewijn-Kool et al., 2013) ). Immediately after dosing, pure MilliQ water was added to all soil batches to reach 45% of the WHC and soils were again thoroughly mixed to ensure a homogeneous Ag distribution. Soils were then incubated for one week to allow the soil chemistry to reach an initial equilibrium after dosing before the earthworms were added. Toxicity studies followed the OECD standard reproductive toxicity test for the earthworm E. fetida (OECD 222 (OECD, 2004) ). In brief, the earthworms were incubated in the soil for 28 days after which the soils were hand-sorted and surviving worms collected, counted and weighed. The worms for transcriptome analysis were flash frozen in liquid nitrogen and stored at À80 C. Soils were then returned to the test boxes for a further four week incubation to allow cocoon hatching. For details of the toxicity tests see SI-S1. From the survival and juvenile count data, 28 days LC 50 and 56 day EC50 reproduction values (and 95% CI) were derived using a logistic model (Haanstra et al., 1985) fitted in SPSS 17.0.
Earthworms for transcriptome analysis
Earthworms for transcriptomic analysis were taken from the treatment closest to the derived EC50 reproduction for AgNP and AgNO 3 to ensure comparisons were made at the same effect level. Earthworms were crushed in liquid nitrogen and DNA extracted from 25 mg of tissue. DNAeasy Tissue Kit (QIAGEN) protocol was followed. Because of potential for crypsis in E. fetida, all individuals were first genotyped for the mitochondrial gene cytochrome c oxidase subunit I (COI) to ensure that only earthworms from the same lineage were further processed. See details for PCR reaction in SI-S1. We also included sequences from individuals of different exposure experiments from our laboratory in order to have a clear overview of genetic variability. Additionally E. fetida and Eisenia andrei sequences were downloaded from GenBank with two Lumbricids and one Hormogastridae added to the data-set as outgroup (SI-S2). A Bayesian Phylogeny was estimated and pairwise genetic distances were measured (details in SI-S1). Individuals from a single lineage were then selected from the control and treatments for the RNA-seq analysis.
Construction and annotation of a reference transcriptome
A reference transcriptome representing the integration of data from both control and exposed organisms was assembled from the RNA-seq data following the scheme illustrated in Fig. 1 . Samples used for generation of the reference transcriptome were taken from across a range of control and nanoparticle exposures, as well as individuals of different life-stages (hatching, mid-log growth phase juveniles, subadults) from the culture population. All worms used were powdered under liquid nitrogen. See details of RNA extraction protocol in SI-S1. Equal amounts of five samples representing different developmental stages and a range of NP exposures were combined in a single tube (SI-S2) and a cDNA library constructed by BaseClear (www.baseclear.com) following Tru-Seq (Illumina) protocol and sequenced on Illumina Hi-Seq 2000 using a 50 cycle paired ended protocol.
Transcriptomes for AgNP and Ag ion exposed samples were generated for separate individuals from true biological replicate containers at the treatment closest to the respective AgNP and Ag ion EC50 reproduction and the control (one earthworm per replicate, three replicates per treatment). All the selected earthworms were closely related and the p-distance for the most distant sample (HAP-60) was 1.1%. Haplotypes are shown in SI-S2. RNA was extracted and 9 libraries were prepared and multiplexed for sequencing as above but using a 50 cycle single ended protocol which was designed to yield a minimum of 20 million reads per sample.
The data was initially checked for base quality and filtered for data passing the Illumina Chastily default parameters. Sequences containing adapters and/or PhiX control signal were removed with a filtering protocol by BaseClear. In silico normalization was conducted by Trinity v. r2013-02-25 (Grabherr et al., 2011) using both paired and single end data. To achieve the most complete baseline transcriptome, we additionally included single reads from a RNA-seq analysis of Zn exposure experiment (Authors' unpublished data). A subsequent assembly was performed using Trinity under default settings using the combined normalised data. The resultant contigs were annotated by blastX analysis against Uniprot database filtering for hits with an e-value <1e
À5
.
Quantitative transcriptomic analysis
Sequence reads (50 bp) generated from the 9 exposure samples were mapped against the reference transcriptome using Bowtie1 (Langmead et al., 2009 ) allowing three mismatches (-v 3) and retrieving only uniquely mapped reads (m -1). Statistical analyses were performed in EdgeR (Robinson et al., 2010) . Contigs where the observed frequency of mapped reads per million fell below 1 for all the replicates within a specific group were removed from subsequent analysis. Exact tests were performed for each of the comparisons (i.e. NP vs. control; ion vs. control; NP vs. ion) and the differentially expressed transcripts detected (applying a False Discovery Rate FDR 10%) were further used to conduct enrichment analyses in DAVID (Huang et al., 2009 ). Finally, results from the enrichment analyses were visualized and interpreted in cytoscape 2.8.2 (Smoot et al., 2011) using the plugin Enrichment Map v 1.2 (Merico et al., 2010) with default settings (p-value Cutoff 0.005, FDR Q-value Cutoff 0.1). A full analysis workflow is presented in Fig. 1 .
Results
See material characterization and concentration validation in SI-S1.
Exposures
There was >90% survival of E. fetida in soil spiked with PVPcoated AgNP at concentrations up to 1758 mg Ag/kg d.w. and for Ag ions at treatments up to 113 A g/kg d.w. Higher ionic treatments resulted in reduced survival and no earthworms survived exposure to 703 mg Ag/kg d.w. and above. Earthworm reproduction was reduced in a dose-dependent manner following exposure to both Ag forms. The EC 50 values 445 (95% CI, 196e695) and 49 (95% CI, 46e51) mg Ag/kg d.w. were estimated for the earthworms exposed to soils spiked with PVP AgNP and Ag ions, respectively. The exposure concentrations closest to the EC 50, reproduction and therefore selected for transcriptome analysis, were 281 mg Ag/kg d.w for AgNPs and 45 mg Ag/kg d.w for Ag ions.
Genotyping
All sequences have been deposited in GenBank (Accession numbers: KP236544eKP236587). We found a significant heterogeneity among the COI sequences (Fig. 2, SI-S2 ). Two main groups of haplotypes or lineages were present. Between lineages uncorrected p-distance values were up to 15%. More distant isolated haplotypes were represented by both specimens from the present study as well as database accessions with these additional haplotypes increasing the p-distances up to 17.3%. Among GenBank sequences only those assigned to E. fetida appeared within the upper lineage (Fig. 2) , whilst sequences representing both E. fetida and E. andrei appeared together within the lower lineage with some haplotypes putatively derived from the two different species.
Reference transcriptome and RNA-seq
Reads have been submitted to the European Nucleotide Archive (ENA) under the study number PRJEB7919. The number of reads used for reference transcriptome assembly after the quality trimming was ca. 32 million for the paired end sequences and ca. 660 million for the single end reads. The Trinity normalised assembly yielded a N50 of 1259 and 30,932 contigs longer than 1000 bp (SI-S3). The number of contigs yielding a significant Blast match was 37,499, although number of non-redundant hits was 16,505.
Around 76% of the reads from each sample mapped against the reference transcriptome, and 47.06e51.99% of the reads uniquely mapped and therefore were informative for subsequent quantitative analyses.
Paired comparisons (FDR 10%) of; (i) Ag ion vs. control yielded 529 down-regulated and 618 up-regulated transcripts; (ii) AgNPs vs. control resulted in 237 down-regulated and 454 up-regulated transcripts; and (iii) AgNP vs. Ag ion showed 449 down-regulated and 758 up-regulated transcripts (see SI-S4, S5, S6 for lists of differentially expressed genes and significant BLAST hits).
Common pathways affected by NP and ions
The comparison of genes significantly changing in expression compared to controls in earthworms exposed to the AgNPs and Ag ions indicated a large degree of overlap, with 175 genes with blast hit shared between the two gene lists (see Fig. 3A ). The most significant enrichment results for earthworms exposed to the AgNPs and Ag ions were summarised as networks (Fig. 3, Table 1 ). This analysis highlighted commonly affected pathways for the effects of Ag ions (Fig. 3B) and AgNPs (Fig. 3C) exposure. These impacted pathways related to overall energy metabolism through genes involved in sugar metabolism and adenylate kinase activity; protein and amino acid turnover through genes involved in amino acid metabolism and ribosomal activity and effects on DNA through genes integral to the nucleosomes, as well as a small number of additional pathways for the AgNPs for oxidoreductase activity and metal ion responses (SI-S4, S5, S7, S8).
Upregulation of gene encoding enzymes that are implicated in glycolysis, gluconeogenesis and citric acid cycle, such as malate, pyruvate, alcohol and succinate dehydrogenases, fructose biphosphate aldolase, galactokinase, phosphoglycerate kinase, reflect the changes in sugar metabolism (full list of genes in SI-S4, S5). Common significant changes in genes related to mitochondrial electron transport and oxidative stress further extend these shared responses.
The common effects on pathways related to amino acid and protein metabolism are driven by significant upregulation of genes encoding enzymes implicated in the amino acid biosynthetic process such as ornithine carbamoyltransferase, glutamine synthetase or L-threonine dehydratase biosynthetic IlvA. There are a number of genes encoding ribosomal sub-units significantly upregulated in both Ag exposures, as were genes encoding heat shock proteins, specifically HSP70 and HSP90, involved in chaperoning as a component part of protein turnover. Structural development of the cell cytoskeleton by both Ag forms was indicated by genes such as elongation factors and tubulin, a major component of cell microtubules as well as upregulation of caltractin, a calcium binding protein involved in microtubule structure and function. The effects on the nucleosomes are driven through upregulation of histones 2, 3 and 4 and on translationinitiation factors.
Differences in the transcriptional effects between Ag NP and Ag ion exposures
Significantly enriched pathways between NP and ion treatments related to endocytosis and cilia (Fig. 3D, Table 2 ). Other pathways including differentially expressed genes showing a lower degree of enrichment included meiosis, sexual reproduction and gamete formation and differentiation or excretion (SI-S6, S9).
Within the effects related to endocytosis significant changes were seen for pathways associated with basal lamina, laminin, basolateral plasma membrane, extracellular region and microtubules. Earthworms exposed to AgNPs showed upregulation of the genes coding for different cell structural units including heavy and intermediate chains of dynein, laminin subunits and collagen compared to earthworms exposed to Ag ions. Cell growth factors including angyopoietin, midkine and wnt-4 and gene encoding aquaporin, solute carriers and zinc metalloproteinase were also upregulated. Genes downregulated in the NP exposures included membrane proteins such as the LDL lipoprotein receptor-related protein and peripheral membrane protein CASK and key genes in developmental programming such as netrin and wech protein.
The cilia associated enriched components included pathways related to axoneme, dynein complex, cell projection, microtubule and cilium. Compared to the ion exposure, AgNP exposure caused upregulation of different heavy and intermediate chains of dynein, as well as cubilin, sperm specific protein Don juan, V-type proton ATPase, polycystin, neurotrypsin, while peripheral plasma membrane protein (CASK), Rab effector MyRIP and LDL lipoprotein receptor-related protein among others were all significantly downregulated. Fig. 2 . Bayesian phylogenetic tree based on COI sequences from Eisenia fetida from our experiments and sequences retrieved from GenBank (see SI-S2). Posterior probability values higher than 0.5 are shown on the nodes or below branches.
Discussion
Many studies have measured both the toxicity of metal and metal oxide NPs and their constituent ions. A recent meta-analysis of these comparative studies has shown that in 93.8% of case for Ag, 100% for Cu and 81% for Zn the nano-form is less toxic than the dissolved metal when compared on a total metal mass concentration basis (Notter et al., 2014) . Indeed the toxicity tests conducted as a prelude to the RNA-seq mechanistic assessment in this present paper confirm this pattern for the PVP coated AgNPs tested. The trends for reduced toxicity of metal and metal oxide based NP compared to ionic forms on a mass basis is likely to be driven to a large extent by the differences in environmental availability of metal ions for uptake between the two metal forms (Heggelund et al., 2014) . However, it is also possible that differences in the toxicokinetics and toxicodynamics of the added metal forms in different organisms may also play a role. The potential for increased uptake of nanoparticles by some species, such as filter feeders, has already been recognised (Baker et al., 2014) . However, what remains less clear is whether once in the body the metal derived from uptake of intact NPs have the same internal fate and exert toxicity through the same mechanisms of action as uptake of ionic species of the same metal. Transcriptional analysis using high coverage techniques such as RNA-seq are a comprehensive way to address this key uncertainty.
Importance of genotyping
The species E. fetida and E. andrei have been widely used as standard laboratory test organisms for studies in applied ecology and toxicology (e.g. (Kwak et al., 2014) and references). E. fetida has already been used for transcriptomic studies (Tsyusko et al., 2012a; Hayashi et al., 2013) ; however, recent evidence pointing to deep cryptic speciation in earthworms has the potential to confound such analysis. In most terrestrial ecotoxicology laboratories, the animals used are taken from long-standing culture stocks or provided by commercial suppliers. Until recently, these stocks have not been genotyped prior to use (but see R€ ombkea et al., 2015) .
To avoid confounding our analysis by including genetically divergent individuals, we initially genotyped all worms exposed to the selected concentration for RNA-seq. Analysis of the COI locus indicated a genetic mixture in our cultures, with two main lineages showing an uncorrected p-distance of about 15%, but also distant haplotypes with divergences up to 17.3%. Sequences retrieved from GenBank and identified there as E. fetida and E. andrei, but clustered together in our phylogenetic tree showing a problem in identification of these species. This issue was most prevalent in the lower lineage group of Fig. 2 , where both E. fetida and E. andrei sequences were placed. Confusion over the taxonomy of species in the E. fetida/E. andrei complex has existed for some time, arising because these earthworms are morphologically very similar. Nonetheless, they are widely accepted as different phylogenetic species and Perez-Losada et al. (2005) suggest the further presence of cryptic species within E. fetida. Our analysis confirms there is indeed a deep cryptic speciation in morphotype E. fetida that needs to be considered when designing toxicity test programs and in particularly sequencing based mechanistic studies due to the potential for reference transcriptome construction and read alignments to be confounded if earthworms from different lineages are individually used and results compared.
Transcriptome for toxicology sentinel and its response to different Ag forms
A well-represented transcriptome for E. fetida has been assembled. This resource will aid future applied investigation in soil environments by providing a very rich source of information to enable use of second generation sequencing to promote a research line Fig. 3 . Panel A shows a Venn diagram of the overlapping genes among the three comparisons (only genes with blast hit were included). Panels B, C, D: Go-term networks generated by cytoscape after enrichment analyses in DAVID (P-value Cutoff 0.005, FDR Q-value Cutoff 0.1). When comparing B and C white numbers indicate common terms in both and yellow numbers indicate exclusive terms for C. Go-terms represented by those numbers are shown in Table 1 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
Table 1
Enrichment results from DAVID analyses identified as the most significant by cytoscape (see networks in Fig. 3 with coincident numbers of the nodes) for paired comparisons NP and ion vs control. See complete results of the enrichment analyses in SI-S7 and S8 and complete gene lists in that has otherwise to date been based on microarray data and single gene studies (e.g., (Tsyusko et al., 2012a; Hayashi et al., 2013; Gong et al., 2010) ). Using our reference transcriptome for read mapping and annotation, our results suggest that the two Ag forms (namely 50 nm PVP coated AgNPs and Ag ions; added as Ag nitrate). Apparently exert their toxicity through a similar set of biochemical pathways, although some differentiation was seen in the "exposure related" pathways affected (see details later). Thus, comparison of genes that were significantly changed in expression compared to control in both AgNPs and Ag ion exposed worms indicated a relative high overlap. A comprehensive pathway analysis indicated a significant enrichment for common pathways including those related to energy metabolism, protein turnover and DNA. Identification of a common mechanistic basis for the toxic effect of AgNPs and Ag ions in earthworms is consistent with the results of previous studies on the mussel proteome (Gomes et al., 2013) and fish transcriptome (Garcia-Reyero et al., 2014) , as well as for single genes in earthworms (Tsyusko et al., 2012a) . However, our results using whole transcriptome approach lets us extend the pathwaybased analysis compared to these studies to include a fully quantitative assessment of the expression of the whole genome. This comprehensive approach extends the identification of a common response for silver forms to cover a wider systems biology context for earthworms. The pathways affected by exposure to both Ag forms provide a picture of the response of the earthworms to exposure at a toxic effect level that is consistent with previous observation for other metal ions (Owen et al., 2008; Bundy et al., 2008; Baylay et al., 2012) . At exposure levels sufficient to cause a reduction in reproduction, large changes in the acquisition of energy resources from food and subsequent allocation to traits can be expected. Observation of changes in sugar metabolism and also genes involved in electron transport may reflect such effects. Bundy et al. (2008) successfully used a combined 1 H NMR and microarray based transcriptomic approach and identified an effect of copper on such energy related biochemical processes in earthworms. Similarly, Owen et al. (2008) identified an effect of Cd exposure on electron transport. These effects were linked to the targeting of these metals to the mitochondria and potential reactive oxygen species effects. The identification in this study of the effects of Ag exposure in both NP and ionic form on similar pathways appears to reflect the same vulnerability of energy metabolism in earthworms when exposed to toxicologically relevant concentrations of Ag, as for the Cu and Cd examples in the literature. A second major group of pathways affected by exposure to both Ag forms were associated with protein metabolism including both ribosomal activity and also protein degradation as indicated by the significant upregulation of expression for the major protein chaperones HSP70 and HSP90. These effects on protein metabolism may occur as a consequence of the disruption to sugar metabolism described above, thereby, promoting protein use for metabolic purposes.
Alternatively, they may reflect the direct consequences of increased reactive oxygen species activity resulting from compromised electron transport on protein integrity, which may also underpin effects on the integrity of DNA including its associated histones. The observed effects of Ag exposure on DNA status is Table 2 Enrichment results from DAVID analyses identified as the most significant by cytoscape (see networks in Fig. 3 with coincident numbers of the nodes) for paired comparison NP vs ion. See complete results of the enrichment analyses SI-S9 and complete gene lists in SI-S6. consistent with previous findings for earthworms exposed to Cd ions (Owen et al., 2008) . Further, there has been growing evidence to suggest changes in epigenetic marks can occur as a result of environmental exposure to metals including arsenic, cadmium, chromium and nickel (Martinez-Zamudio and Ha, 2011) . Moreover some NPs, such as cadmium telluride quantum dots, have been shown to induce global hypoacetylation (Choi et al., 2008) . Mechanisms by which Ag may interact with chromatin changes should be further investigated and could elucidate the mode of Ag toxicity and perhaps the potential for transgenerational effects.
Different uptake routes of AgNPs and Ag ions
The potential for the dissolution of AgNPs to derive Ag ions could be a cause of the observed shared effect. There is the potential for such dissolution to occur both externally in the test media (Fabrega et al., 2009; Cornelis et al., 2012) as well as following uptake. Information on internal Ag metal concentration would not alone be sufficient to establish the internal status of Ag assimilated in the NP exposure, as information would be needed on speciation. The pathway analysis of the genes differing in expression between the NP and ion exposed worms identified a significant enrichment for genes involved in endocytosis and cilia structures. Endocytosis has been previously highlighted as a possible route through which NPs can enter into tissues (Wilkinson et al., 2011; AshaRani et al., 2009 ). In the nematode C. elegans, worms mutant for rme-2, a gene known to be involved in endocytosis, showed lower sensitivity to gold NP than wild type worms, indicating a role for a vesicular pathway during uptake into nematodes (Tsyusko et al., 2012b) . The enrichment for a range of key pathways involved in endocytosis (e.g. basal lamina, laminin, basolateral plasma membrane, extracellular region and microtubules) in the NP exposed earthworms in the present study suggests a similar role for this route in AgNP toxicokinetics in earthworms. The cause of the effect on genes involved in the function of the cell cilia is less clear. It has recently been (re)discovered that non-motile primary cilia, and some motile cilia, in invertebrates as well as vertebrates possess a basal membrane domain called the 'ciliary pocket', a structure postulated to be involved in clathrin-mediated endocytosis (Benmerah, 2013) . Earthworms possess ciliated cells both in several regions of the alimentary epithelia, and also in a number of epidermal cell types, including those with sensory functions. Earthworms are able to sense and respond to the presence of low concentrations of AgNPs in soils (Shoults-Wilson et al., 2011) . It may be a promising line for future investigations to assess if such ciliated cells could be implicated in AgNP detection, internalization or, consequentially, the expression of modified signalling pathways.
A system toxicology overview of AgNPs vs Ag ions
Uncertainty exists around whether the mechanisms of action of metal and metal oxide NPs and their constituent ions differ, and also which of them are relevant for various considerations in risk assessment, such as the nature of potentially vulnerable species, potential indicators of exposure and the prediction of potential mixture effects. For NPs subject to dissolution, such as Ag, the production of ions from the NPs either outside or inside the organism is a further complication for mechanisms of action assessments in vivo. For the AgNPs studied, the toxic effects observed are most likely to be due to a combination of the NPs and the released metal ions (Garcia-Reyero et al., 2014 and references) . By generating a well-represented transcriptome for E. fetida, a commonly used model in soil toxicology, we have explored the extent to which there is a common mechanism of action between the two Ag forms.
Our initial genetic analysis highlighted the importance of genotyping individuals used for ecotoxicology studies prior to transcriptomic analysis since commercially available organisms may come from genetically mixed cultures that could affect the final results and conclusions of the study. Using AgNP and Ag ion exposed individuals from a single genetic lineage we were able to establish a consistent picture of response to the different Ag forms. The picture is of different uptake mechanisms and toxicokinetics for the two forms, with the AgNPs interacting specifically with cell surface components involved in endocytosis and cilia function. Different internalisation routes, however, ultimately lead to the same mechanistic effects dominated by changes in sugar metabolism and electron transport, protein turnover and DNA conformation. All together may point to an intracellular dissolution of the AgNPs once within tissues. The common toxicodynamic effects observed points to a similar intracellular presence of the active portion of the internalised Ag, most likely as ions that interact with the relevant cellular metal homeostasis machinery, as well as with cellular targets, to cause these toxic effects. This does not preclude that some Ag may still exist within the tissues in NP form, but it suggests that there are no direct or specific toxic effects exerted by such potentially internalised NP forms through pathways not already affected by exposure to ionic Ag.
